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ABSTRACT

In the wake of the events of September 11th 2001, the quest to relieve the nation’s
dependence on petroleum fuels have taken a new urgency, there is a renewed interest in
use of renewable biogenic fuels in particular - the “biodiesel.”

Biodiesel generally

refers to fatty acid methyl esters of monohydric alcohols - predominantly the methyl
alcohol.
The principal sources of fatty acids are vegetable oils - soybean oil and canola
oil. However, there are other “cheaper” sources of fatty acids that include beef tallow,
poultry fats, pork fats and the used cooking oils. The first two are available in abundance
in the mid-western and south-central United States. In fact conversion of the cheaper
material into biodiesel would not only provide an opportunity to produce cheaper
biodiesel but alleviate waste disposal related environmental problems for the poultry and
the beef processing industries. These problems are indeed very large and will continue to
grow because of the “Mad Cow Syndrome” and its association with the recycling of
animal products in the animal feeds.

Thus the animal fats and used cooking oils

represent the cheapest sources of raw materials for biodiesel production. However, in
contrast to the well researched and developed technologies for conversion of vegetable
oils to biodiesel, the conversion of animals fats and used cooking oils to biodiesel have
not been researched extensively.
This work focused on producing biodiesel from low-cost feedstocks such as
chicken fats and used cooking oils. A batch type pilot plant was designed and fabricated
to produce biodiesel from triglycerides. Detailed analysis and experimental work was
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done to optimize the process parameters. The product quality was monitored using Thin
Layer Chromatography (TLC), a qualitative technique. The concentration of the fatty
acid methyl esters in the product was estimated using High Performance Liquid
Chromatography (HPLC), a quantitative technique.

This work concluded with the

optimum process specification and recommendations for further research.
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1. INTRODUCTION AND REVIEW OF LITERATURE

1.1. OVERVIEW
Mixed Fatty Acid Methyl Esters (FAME), obtained from biogenic fats and oils “biodiesel” is recognized as a viable alternative fuel for internal combustion engines.
Biodiesel is defined as “a substitute or an additive to diesel fuel that is derived from the
oils and fats of plants and animals” [1]. Biodiesel is a renewable fuel that is non-toxic,
biodegradable and environmentally benign. Biodiesel is completely miscible with diesel
fuels and the mixture is usually termed as the “blend” [2]. The blends are referred by the
volume percentage of biodiesel.

For example, B-20 refers to a 20% by volume of

biodiesel in the blend [2].
Biodiesel is generally produced through transesterification of vegetable oils. The
predominant chemical component of vegetable oils and animal fats are the triglycerides.
Triglycerides (tri-hydric alcohol esters) are glycerol esters of long chain fatty acids with
16 or 18 carbon atoms.

Common vegetable oil sources include canola oil, palm oil,

rapeseed oil, soybean oil, etc. Common animal fats sources include beef tallow, chicken
fats, pork fats, etc.

Triglycerides react with mono-hydric aliphatic alcohols such as

methanol, ethanol, etc. The reaction is catalyzed either by an acid or by an alkali to
produce biodiesel and glycerol. The reaction is commonly known as transesterification
or alcoholysis and is shown in Figure 1.1.
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CH-OOC-R2

R2-COO- R'

+ 3 R'OH

+

CH-OH

◄----

CH2-OOC-R3
Triglycerides

CH2-OH

Ri-COO- R'

CH2-OOC-Ri

Alcohol

R3-COO- R'

CH2-OH

FAME

Glycerol

Figure 1.1. Transesterification reaction

Where R' is the alkyl member like methyl (CH3-), ethyl (C2H5-), etc. Ri, R2 and R3 are
the long chain fatty acids that may be saturated or unsaturated depending on the
triglycerides.

1.2. NEED FOR BIODIESEL
Various universities, government agencies, and research organizations have
conducted a significant amount of research on biodiesel and other domestically produced
fuels, since the oil embargo of 1973 [3]. Congress passed Energy Policy Act, or Public
Law 102-486, on October 24, 1992, to accelerate the use of alternative fuels in the
transportation sector. With Energy Policy Act in place, DOE’s primary goals are to
decrease the nation's dependence on foreign oil and increase energy security through the
use of domestically produced alternative fuels. DOE's overall mission was to replace
10% of petroleum-based motor fuels by the year 2000 and 30% by the year 2010 [4].
The term "alternative fuel" means mixtures containing methanol, denatured
ethanol, and other alcohols with 85 % (but not less than 70 %) or more by volume with
gasoline or other fuels. Natural gas, liquefied petroleum gas, hydrogen, coal-derived
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liquid fuels, fuels derived from biological materials (other than alcohol), electricity
(including electricity from solar energy); and any other fuel that is substantially not
petroleum and would yield substantial energy security benefits and substantial
environmental benefits [5].
Research on existing diesel engines have shown that many alternative fuels are
compatible with the diesel's direct-injection compression-ignition (DICI) design. For
example, heavy-duty diesel engines are able to run on liquefied natural gas (principally
Class 7-8 tractor-trailer combinations), compressed natural gas (principally buses), and
biodiesel fuel. Many of these alternative fuels that are being investigated for possible use
are already being used in test fleets [6].
The Energy Policy Act was amended in 1998 to include biodiesel as a fuel source
to meet the requirements for alternative fuels for federal, state, and public utility fleets
[7].

The diesel requirement in the U.S. transportation sector for the year 2000 was 2.5

million barrels per day [8]. To meet the Energy Policy Act of 1992, the alternative fuel
requirement in 2000 was 0.25 million barrels per day (10.5 million gallons per day).
Soybean oil is the chief vegetable oil source for biodiesel in the United States, but the
amount of soybean oil that was used for the production of biodiesel in the year 2000 was
9 million pounds or 1.1 million gallons [9]. Thus, the biodiesel available from the
soybean oil source in the year 2000 was much less when compared to the daily
requirements.
The biodiesel production in the United States is equally split between soybean oil
and used cooking oils sources [10]. Biodiesel popularity is growing rapidly in the United
States. Biodiesel sales increased from 7 million gallons in 2000 to more than 20 million
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gallons in 2001. The demand for the biodiesel fuel is much higher, the industry expects
to be able to expand capacity rapidly to meet the increased demand [10].
When compared to biodiesel, the other alternative fuels listed earlier for
compression ignition engines are limited by range, onboard fuel storage space, and needs
engine modification. So, their application has been limited to smaller trucks, up to Class
6, and SUVs [6].

To meet the Federal law by replacing the imported fuels with

domestically produced alternative fuels, the most reliable alternative fuel is required.
Hence, biodiesel is needed.

1.3. USE OF BIOGENIC OILS AS FUELS
Early in the 20 century, research work was aimed at using renewable fuels for
the diesel engines.

It was recognized that the use of whole vegetable oils was not

acceptable in diesel engines [1]. The researchers worked with soybean oil, palm oil and
cottenseed oil in a diesel engine that utilized 0.416 lb/bhp-hr of fuel, similar to modem
engines in efficiency. Steady state testing showed that the oils gave fuel economies of
90-91% compared to the petroleum diesel in the wide-open throttle at various speeds.
Whole oils were reported to form carbon deposits and exhibit pour point problems; palm
oil corroded copper and brass significantly. Due to the increased viscosity and low
volatility, the vegetable oils led to severe engine deposits, injector coking, and piston ring
sticking [11]. Because of the difficulties experienced, the triglycerides splitting were
suggested [12].
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1.4. MODIFICATION OF BIOGENIC OILS
As mentioned earlier, vegetable oils and animal fats posses physicochemical
properties similar to diesel fuel, but their use in the direct-injection diesel engine is
limited due to low thermal stability and high viscosity. The viscosity of oils and fats are
10 to 20 times that of # 2 diesel fuel [13]. A number of approaches have been described
in literature to alter these properties; four of these are discussed in the following section.
1.4.1. Dilution. Vegetable oils were blended with less viscous solvents including
ethanol, diesel fuels, etc. The simplest approach to lower viscosity involves blending
vegetable oils with less viscous solvents. A 1:3 (v/v) blend of sunflower oil with diesel
fuel provided a fuel with a viscosity of 4.47 mPa-s at 40°C [14]. Although this viscosity
value was greater than the maximum ASTM specification of 3.66 mPa-s, the viscosity
was lesser than that of neat sunflower oil (31 mPa-s) [15].
Another blend of 1:1 (v/v) of soybean oil and Stoddard solvent passed the 200
hour Engine Manufacturers Association (EMA) Test. However, this fuel produced heavy
carbon deposits on the tulips of the intake valves and showed top-ring wear [16].

The

blends could not be recommended for long-term use in the direct-injection diesel engine
because of severe injector nozzle coking and ring sticking [17].
1.4.2. Pyrolysis. Sonntag et al., defined pyrolysis as a method of converting one
substance to another by means of heat with the aid of a catalyst, in the absence of oxygen.
Weisz et al., explained the heating results in the cleavage of chemical bonds to yield
smaller molecules.

The pyrolysis of oils and fats has been investigated for more than

100 years, especially in parts of the world that lack petroleum resources [18].
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Pyrolysis chemistry is difficult to characterize because of the variety of reaction
paths and the variety of reaction products that may be obtained from the reaction [18].
1.4.3. Microemulsions. A microemulsion is defined as a colloidal equilibrium
dispersion of optically isotropic fluid microstructures with dimensions generally in 1-150
nm range formed spontaneously from two normally immiscible liquids [18]. To solve the
high viscosity problems of vegetable oils, microemulsions with solvents such as
methanol, ethanol and 1-butanol have been studied [18].
Microemulsion fuel containing 50% # 2 diesel fuel, 25% de-gummed and alkalirefined soybean oil, 5% 190-proof ethanol and 20% 1-butanol passed the 200 hour EMA
screening test [16]. Another microemulsion prepared by blending soybean oil, methanol,
2-octanol and Cetane Number (CN) improver in the ratio of 52.7:13.3:33.3:1.0 also
passed the 200 hour EMA Test [18].

All microemulsions with butanol, hexanol and

octanol met the maximum viscosity requirements for #2 diesel. Methanol was often used
due to its economic advantage over ethanol [18].
The microemulsion fuels passed the 200 hour EMA test, but resulted in carbon
and lacquer deposits on the injector tips, in-take valves and tops of the cylinder liners
[16].

Hence, the microemulsion fuels are not recommended for direct-injection diesel

engines.
1.4.4. Transesterification. Transesterification is the most common approach to
reduce the viscosity of the triglycerides. The transesterification reaction is illustrated in
Figure 1.1. Any triglyceride material including new and used vegetable oils and animal
fats can be transesterified with an alcohol. The stoichiometric mole ratio of methanol to
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triglycerides is 3:1, but in practice, the mole ratio needs to be higher to drive the
equilibrium towards the product.
The research at the University of Nebraska-Lincoln focuses on alkali-catalyzed
transesterification of beef tallow by Ma et al., Clements et al., Ali et al., and Hanna et al.,
[18].

The research

at the University of Idaho

focuses on alkali-catalyzed

transesterification of winter rapeseed oil with ethanol by Korus et al., Hoffman et al.,
Bam et al., Peterson et al., and Brown et al., [19].

The research at the Iowa State

University focuses on biodiesel production from high FFA feedstock such as used frying
oils by Canakci et al., and Van Gerpen et al., [20].
The catalysts for the transesterification reaction include alkalis, acids or enzymes
[18]. The alkalis include sodium hydroxide, potassium hydroxide, sodium carbonate,
potassium carbonate and alkoxides of sodium and potassium such as sodium methoxide,
sodium ethoxide, sodium propoxide, etc. The acids include sulfuric acid, sulfonic acids
and hydrochloric acid, etc. Lipase-catalyzed conversion of triglycerides is one of the
alternative conversion techniques under evaluation by Nelson et al., Foglia et al., and
Maimer et al., [21]. Alkali-catalyzed transesterification is faster than acid-catalyzed
transesterification [18].

The majority of methyl esters produced are with the alkali-

catalyzed reaction because of the direct conversion and nearly 98% yield.

The process

parameters such as, reaction temperature (150°F) and pressure (20 psi) for the alkalicatalyzed transesterification are moderate [22]. The steps involved to produce methyl
esters from alkali-catalyzed transesterification are discussed in detail below:
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Step 1
Dry NaOH catalyst is dissolved in methanol to produce sodium methoxide
solution. During the mixing process, care must be taken to ensure that NaOH doesn’t get
exposed to moisture. The moisture content in the NaOH has an adverse impact on the
downstream processing [22].
Step 2
The sodium methoxide solution is charged into the reactor where the continuously
stirred triglycerides have been heated to approximately 150°F. The catalyst will initially
react with FFA (if any) in the triglycerides to form soaps. Hence, adequate catalyst must
be present for the reaction. Normally the FFA content of the triglycerides should be less
than 1%.

Otherwise, the soap formed will form emulsions with the methanol and

triglycerides. The emulsion formation prevents the progress of the reaction [22].
Step 3
The products of the transesterification - glycerol and FAME are separated by
gravity due to the density difference. The density of the glycerol is 10 lb/gallon and that
of the FAME is 7.35 lb/gallon. The separation can also be achieved using centrifugal
separators [22]. The denser glycerol will settle to the bottom of the reaction vessel or be
forced to the larger radius of the centrifuge. Trace concentration of glycerol may have an
adverse effects on low-temperature flow properties of FAME [21].
separation must be achieved.

Hence, a good

The excess methanol present in both fractions of the

product can be removed by distillation. The recovered methanol can be reused for further
processes if care is taken to ensure “water-free” methanol.
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Step 4
Once separated from the glycerol, the methyl esters should be washed gently with
warm water to remove residual catalyst or soaps. Vacuum distillation can also be used to
obtain esters of higher purity [22].
FFA Treatment
Biodiesel cost can be reduced using low-cost feedstocks such as used frying oils,
beef tallow and chicken fats. But, the problem associated with the low-cost feedstock is
their high FFA content (5 to 15%). On alkali catalysis such feedstock will degrade the
products, as mentioned earlier. Several options are available for the use of this high FFA
feedstock [22]:
•

Remove the FFA before processing and use conventional alkali-catalyzed
transesterification

•

Use an acid-catalyst to convert the oil and FFAs to methyl esters

•

Split the oil into its fatty acids and acid-esterify to obtain methyl esters

1.5. LIMITATIONS OF CURRENT PROCESSES
Neither vegetable oils nor animal fats can be used directly in the diesel engines.
Transesterification is the simplest process to convert the vegetable oils and animal fats to
biodiesel. The principle factor that determines the cost of biodiesel is the raw material
cost. For example, biodiesel from fresh vegetable oils such as soybean oil is costlier.
The process chemistry of transesterification of vegetable oils to biodiesel is
simple and well documented and dates back to the early 1940s.

(Bradshaw and Meuly

1944; Freedman et al., 1984; Freedman et al., 1986; Kildiran et al., 1996; Schwab et al.,
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1987) [23]. However, the process chemistry of transesterification of used oils and animal
fats is not well documented with very few reports on this subject. The results have even
been less successful in terms of efficient processes. The United States produces more
tallow than the rest of the industrialized world [23].

Until recently, tallow was rendered

back into the animal feeds, but because of the “mad-cow syndrome” beef tallow’s
utilization in animal feed has been drastically reduced. Thus it represents a good source
of raw material for biodiesel.
The use of low-cost feedstock, adoption of continuous transesterification
processes, recovery of high quality glycerol, excess methanol and catalyst are primary
options to be considered to lower the cost of biodiesel. However, only limited success
have been achieved in transesterification of used cooking oils due to presence of high
concentration of FFA and polymeric oils. The triglycerides with high FFA concentration
can be transesterified using acid catalysis. But, the acid catalysis is costlier and time
consuming due to the high mole ratio of methanol to triglycerides (of the order of 30:1)
and the reaction time (nearly 87% ester conversion is 48 hours) [24].

Hence, an

alternative process is required to treat the FFA in used frying oils and to simultaneously
transesterify the oil.
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2. SCOPE OF THIS WORK

This work aims at developing an optimized pilot-scale process for producing
biodiesel from vegetable oils, used cooking oils and animal fats by alkali-catalyzed
transesterification.

Bench-scale transesterification process will be conducted using

chicken fats to obtain the process parameters for the pilot-scale transesterification of
chicken fats and soybean oil.

A bench-scale alternative process for transesterifying the

used cooking oils will be developed.
The process parameters such as reaction temperature and the catalyst
concentration will be optimized for soybean oil, chicken fats and used cooking oils. The
products of transesterification will be subjected to Thin Layer Chromatography (TLC), a
qualitative test and High Performance Liquid Chromatography (HPLC), a quantitative
test to monitor the reaction.

The process yields will be estimated from the ester

concentration obtained from the HPLC test.
A pilot plant will be designed and fabricated to produce approximately four
gallons of biodiesel in a run from anyone of the three triglycerides source mentioned
earlier.

The work will conclude with the results, the optimum process specification and

the recommendations for further research.
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3. EXPERIMENTAL WORK

The sequence of experimental work conducted for this research is explained in the
flowchart below:

Figure 3.1. Sequence of experimental work

3.1. BENCH-SCALE TRANSESTERIFICATION
The catalyst concentration required for the bench-scale transesterification was
0.1N in 1000 ml of methanol. Hence, 5.6 grams of potassium hydroxide catalyst was
crushed and introduced into a beaker containing 1000 ml of ACS grade methanol.

The

beaker containing the methanol-catalyst mixture was stirred continuously using a tefloncoated magnetic stirrer.

Heat is liberated while stirring because of the exothermal
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reaction between the methanol and catalyst. To avoid over-heating the external surface
of the beaker was packed with ice. The beaker was stirred continuously till the potassium
hydroxide dissolved in methanol to form potassium methoxide.
Approximately 100 ml of chicken fats were measured in a beaker.

The chicken

fats were preheated for liquefying. The preheated chicken fats were then transferred to a
round-bottom glass reactor, where the chicken fats were further heated to the reaction
temperature (50°C).

Approximately 700 ml of potassium methoxide solution was

introduced to the reactor. The transesterfication reaction was conducted with continuous
heating and stirring, the reaction temperature was maintained at 50°C. The reaction was
stopped once a clear single phase was obtained requiring approximately two hours. The
reactor has three ports, the middle port houses the condenser arrangement, through which
the escaped methanol vapors flow back to the reactor. The right port was plugged and
the left port was used to introduce the thermometer to read the reaction temperature
frequently. The bench-scale reactor setup is shown in Figure 3.2.
The FAME and glycerol were separated in a gravity separation system. The
separation time was nearly 20 hours, normally we would expect 1-8 hours. The high
concentration of methanol was the chief problem in the separation. The excess methanol
used in the reaction was removed using a water wash and final roto-vapping.
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Figure 3.2. Bench-scale transesterification reactor

3.2. PILOT PLANT DESIGN, MANUFACTURE AND INSTALLATION
A pilot plant was designed and fabricated to produce four gallons of FAME from
any triglycerides, in two hours.

The process parameters for the pilot-scale

transesterification were based the bench-scale transesterification.

Detailed description

on the pilot plant design and fabrication is done in this section.
3.2.1.

Reactor Design. The volume of the triglycerides and methanol required per

run is 15,916 ml and 3960 ml respectively.

The total volume of the reactants in the

transesterification reactor per run is 19,876 ml. The total volume of the reactants in the
methanol reactor is 3960 ml. Stainless steel material, grade 304 was selected for the
transesterification reactor (TR) and the methanol reactor (MR) because of the following
requirements:
•

Readily weldable

•

Non-reactive with organic chemicals, acids and alkalis
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•

Adequate toughness and non-magnetic

•

Low coefficient of thermal expansion

•

Withstand temperatures over 1000°F and resist oxidation at elevated temperatures

•

Cost-effective and readily available.

Reactor Minimum Thickness
The thickness of the reactor was calculated using equation (3.1) [26].

t=

P*R

(3.1)

(S*E - 0.6*P)

Where, t is the minimum thickness of the reactor material
P is the maximum design pressure = 75 psi.
R is the internal radius of the reactor = 5 inches
S is the yield strength of the reactor material = 42000 psi.
E is the joint efficiency in cylindrical or spherical shells = 0.6,
(for single welded butt joint without used of backing strip) [27].

t

=

75*5_________

= 0.0149 in.

(42000*0.6-0.6* 100)

ASME boiler and pressure vessel code recommends a minimum thickness of
1/16 inch for any reactor shells after forming [28]. The ASME recommended thickness
is higher than the thickness calculated, hence, the TR and MR thickness was selected as
1/16th inch.
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Reactor Configuration
The configuration of both the TR and the MR is shown in Figure. 3.3.

The

dimensions of the TR and the MR are presented in Table A.3. in Appendix II.
Pro/Engineer software was used for part design, drawing and assembly of the equipment.
Given the density of the material as a user input, the software calculates the approximate
weight, the volume of the reactor and the surface area. The Pro/Engineer output is shown
in Appendix II.

Figure 3.3. Configuration of the transesterification and methanol reactor

3.2.2. Stirring System Design. The torque required for mixing or stirring the high
viscosity liquids are typically high and is calculated using equation (3.4).
Stirring Torque Calculations of TR
A propeller type of impeller with a speed of 1750 rpm was suitable for this batch
size and viscosity [29]. The stirring torque for the TR was calculated using the following
steps:
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Step 1. Calculation of Reynolds Number (NRe)
NRe = (O.D)2 * N/v
Where NRe

(3.2)

- Reynolds number

O.D

- Outer diameter of the reactor = 0.2572 meter

N

- speed of the propeller = 29.167 rps

v

- Kinematic viscosity of the triglyceride material = 51.2* 10’6 m2/s

NRe = 37676.8
For Reynolds number of over 10,000 the power is calculated using equation (3.3).
Step 2. Calculation of Power
The power equation is given below [30]:
P = Kt*N3*Da5*p/gc
Where

P

- stirrer power in watts

Kt - constant for baffled tanks = 0.32 (assumption)
Da - diameter of the propeller = 0.1016 m
p - density of the triglyceride material = 920 kg/m3
gc - dimensional constant = 1 kg.m/N sec2.
P

= 79.08 watts.

(3.3)

18

The power P can also be calculated using the equation (3.4)
P = 2*7i*N*T

(3.4)

Where T - stirrer torque in Nm.
T = 79.08 7(2*3.1415*29.167) = 0.4315 Nm or 43.14 Ncm.
A 0.5 hp motor will be sufficient to operate the stirrer. The power of the MR stirrer was
estimated in the same method resulted in choosing a 0.05 hp motor.
3.2.3. Drain and Safety System. The products are captured and gravity separated
in a standard five gallon container at the end of the reaction.

Two drain tanks are used

because the expected processing time for a batch is 2 hours. The continuous use of the
reactor system can be ensured if a second drain tank is used. A pressure relief valve
(shown in Figure 3.4.) has a set pressure of 75 psi. This valve has been used in the
system to safely reduce any pressure excessive of the system.

Figure 3.4. Pressure relief valve
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3.2.4.

Heat Energy Calculation. The specific heat capacity (Cp), the mass (m) of

the reactants and the initial and final temperatures of the material must be known to
determine the heat energy required.
Heat Energy for Methanol Mixture
The initial temperature of methanol-catalyst solution is approximately 30°C. The
mixture has to be heated to 60°C.

The heat energy required by the methanol-catalyst

mixture is given by equation (3.5).
Q’m = mm*CPm* (AT)/t

(3.5)

Where Q’m - rate of heat transfer in J/s.
mm

- mass of methanol in kg = 3.13 kg

Cpm

—specific heat capacity of methanol = 2547 J/kg K (at 298K)

(AT)

- increase in temperature of methanol due to heating = 30°K

t

[31 ]

- time required to increasing the temperature = 900 seconds

Q’m= 265.73 J/s = 265.73 W.
Heat Energy for Triglycerides
The Q’t required to increase the temperature of triglycerides to 60°C from 40°C
for the triglyceride mass of 14.65 kg and the specific heat capacity of 1928 J/kg K was
calculated to be 627.49 W using the method described above.
The total rate of heat transfer required for the system is 265.73 + 627.49 = 893.22
J/s or 893.22 W.

A 1200 W band heater was chosen for the TR.

A K-type

thermocouple and a programmable temperature controller were used to sense the reaction
temperature and to control the temperature within programmed range respectively.
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3.2.5. Pilot Plant Manufacturing. The pilot plant system has various sub
systems as shown in Figure 3.5.

MR System

TR System

Heating & temperature
control system

Reactor Stand

Figure 3.5. Pilot plant system
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Reactor Stand
The reactor has to be placed in a stand to have it secured at a convenient height.
Instead of using a separate stand, the metallic rods are directly welded to the bottom lid
of the TR as shown in Figure 3.5. This makes approach the bottom lid an integral part of
the metal stand. Hence, the requirement for a separate part is eliminated.
Support Structures
The motor stirrer of the TR must be supported as shown in Figure 3.6. This
support was accomplished by welding a support structure to the TR top cover. The
clamping system of the motor stirrer rests on the support structure. There should also be
a support structure for the MR, either using the TR stand or the top plate of the TR as
shown in the Figure 3.6. An extended structure was welded both in the TR and MR to
support the MR.

Supports
Figure 3.6. Support structures
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3.2.6. Pilot Plant Installation. The complete assembled pilot plant is shown in
Figure 3.5. The required components for the pilot plant were designed and developed inhouse or designed and purchased from suppliers.

The major components were

assembled and inspected for joint leaks before conducting dry runs with the system. The
dry runs ensured the safe functioning of the bearings, support structures, etc.

After the

dry runs were completed the system was operated satisfactorily. Detailed calculations are
included in the Appendix II.

3.3. PILOT SCALE TRANSESTERIFICATION
The transesterification reaction was conducted in three runs to estimate the
volumetric yields of the reactor as shown in the table 3.1. The volume of triglycerides
and methanol used for each run was 3.78 liters (one gallon) and 2.825 liters respectively.
NaOH catalyst concentration was maintained as 0.1 N in 1000 ml of methanol, (12
grams, approx.) and the reaction time was 4 hours.

The reactants were continuously

stirred and heated. The products of the transesterification were monitored using TLC
technique.
The transesterification reaction was conducted as mentioned in the bench-scale
process. The products of the reaction were collected and the gravity separation of the
products followed the bench-scale approach developed earlier. The separation process
started immediately after the products were admitted to the setup, and the complete
separation was achieved after 2 hours. The separation setup is shown in Figure 3.7.
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Table 3.1. Pilot-scale transesterification reaction parameters
Parameters

First run

Second run

Third run

Triglyceride

Soybean oil

Soybean Oil

Chicken fats

60

70

60

92.1

93.3

100

43.4

18.6

73.1

material
Reaction
temperature, °C
Transesterification
yield, %
Methanol
utilization, %

Figure 3.7. Separation setup

The excess methanol supplied for the transesterification reaction is present with
both the methyl ester and glycerol fractions. The excess methanol was recovered by
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distillation. The mixture of methanol and methyl ester was heated using the heating
mantle as shown in Figure 3.8. Once the temperature of the mixture reached over 65°C,
the methanol vaporizes. The port of the round-bottomed flask was connected to a glass
condenser system to liquefy the methanol vapors. The extended port of the condenser
system drained the recovered methanol to a collection flask.
The boiling point of glycerol is 290°C.

Hence, distillation is the choice for

recovering methanol from the glycerol fraction.

The volumetric transesterification

yields and the methanol utilization were estimated after the completion of experiments.
In the second run, the reaction temperature was higher than the boiling point of
methanol. To avoid loss of methanol due to vaporization while introducing in the TR,
sodium methoxide solution was introduced when the temperature was 60°C. In the third
run the chicken fats were preheated to liquefy.

The liquid chicken fats were then

introduced to the TR.

Figure 3.8. Distillation setup for methanol recovery
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Product Monitoring
The products of transesterification have to be evaluated at regular intervals to
monitor the formation of esters and to determine the state of the process.

Thin Layer

Chromatography (TLC) technique was used in this work for the qualitative check that
indicates the presence of esters, free-fatty acids, and triglycerides.
collected at 1, 1.5, 2, 2.5, 3, 3.5 and 4 hours.

The samples were

Typical TLC plate appears in Figure 3.9.

The left column was used for the triglycerides, the second for FFA, third column
for standard esters and the fourth was used for the test sample. The plate indicates the
higher ester concentration in 2 hour sample than the 1.5 hour sample.

Figure 3.9. TLC plate

The sample to be tested and the standard samples were dissolved in 1 ml of
hexane. The samples were applied on the TLC plates using a small capillary tubes. The
TLC plate was developed on a mobile phase as shown in Figure 3.10.

After the mobile

phase in the TLC plate got dried, the plate was exposed to the iodine chamber as shown
in Figure 3.11.
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Figure 3.10. Plate development in the mobile phase

Figure 3.11. TLC plate in iodine spray unit
Product Concentration Estimation
HPLC was the analytical technique used for estimating the concentration of esters
and FFAs of the products produced from the pilot plant.
estimating the concentration as listed below:

The steps involved in
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•

The calibration curves for various standard FFAs and esters were developed.

•

Samples were dissolved in hexane or methanol and were run on the HPLC

•

The retention times of the samples were compared with that of the standards

•

Using calibration equations, the concentrations of the unknown samples were
determined.

For example
The calibration equation for standard 18:1 FAME is
[Area]sampie = 1,220,491 *(sample concentration) - 4980

(3.6)

The peak area of the unknown sample was obtained from the HPLC run as 427540 for the
sample concentration of 1.5 pg/pl. Using equation (3.6) the concentration of unknown
sample was calculated as 0.35pg/pl, which was equivalent to 23.6%.

Likewise, the

concentrations of other esters were estimated.

3.4. PROCES OPTIMIZATION
Transesterification reaction depends on the following factors:
•

Reaction temperature

•

Catalyst concentration

•

FFA content in the triglycerides

•

Water content in the triglycerides

•

Speed of the stirring system

•

Methanol to triglyceride mole ratio

Except the FFA and the water content, the higher the value of the other factors, the faster
the reaction and hence the transesterification yield.

The factors considered for
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optimization in this work were the reaction temperature and the catalyst concentration for
different triglyceride materials.
Factor Levels
Table 3.2. Summarizes the factors and the levels of each factor considered for this
work. One gallon of triglyceride material was transesterified in all the experiments. The
mole ratio of methanol to triglycerides was maintained as 6:1.

The transesterification

experiments were conducted for two hours with continuous heating and stirring. The
experimental samples were collected at every half hour interval. The collected samples
were neutralized using glacial acetic acid. The samples were subjected to TLC testing
and the two hour sample was subjected to HPLC estimation.

The optimal process

parameters were chosen based on the ester concentration.

Table 3.2. Experimental factors and levels
SI. No Factors

Level 1

Level 2

Level 3

1

Temperature (A)

65 °C

70° C

75° C

2

Triglycerides (C)

Soybean oil

Chicken fats

Used

frying

oils
3

Catalyst concentration (B) 0.3 %

0.5 %

1%

Experiment Table
A three factor, three level experiment requires nine experiments for obtaining the
optimal process parameters.

L-9 experiment column is shown in Table 3.3.

Transesterification of soybean oil and chicken fats were conducted in the pilot scale and
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their process parameters were optimized individually. The third triglyceride level - used
biogenic oil was not considered in this experimental layout, because the process used for
the other triglyceride sources was not applicable for this material due to the high FFA
concentration (7.5% by weight).

Hence, an alternative solution was developed to

establish the transesterification of used biogenic oils.
Table 3.3. L-9 experiments
Factor (A)

Factor C

Factor B

Experiment

Temperature, C

Triglycerides.

Catalyst cone, %

conducted

1

(1)65

(1) Soybean oil

(1)0.3

V

2

(1)65

(2) Chicken fats

(2) 0.5

V

Col
Exp. #

Used biogenic oil - Not applicab e for this table
4

(2) 70

(1) Soybean oil

(2) 0.5

V

5

(2) 70

(2) Chicken fats

(3)1

V

Used biogenic oil - Not applicab e for this table
7

(3) 75

(1) Soybean oil

(3)1

V

8

(3)75

(2) Chicken fats

(1)0.3

V

Used biogenic oil - Not applicab e for this table

3.4.1 Treating Used Cooking Oils. The preliminary HPLC analysis conducted
on the used biogenic oils indicated 7.5% of FFA, with predominant FFA member being
C l8:1, Oleic acid.

The acid catalysis remained one possible solution, but was not

considered due to the reasons mentioned in Chapter 1.

An alternative process was

synthesized to treat the excessive FFAs and transesterify the sample simultaneously.
The approach was to conduct transesterification process with weaker base catalyst
such as CaO or Ca(OH)2. The reaction between the weaker base and the FFA to form
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soaps are slower when compared to that of the stronger base.

Also the formation of

calcium soaps can have potential commercial importance such as animal feeds.
Calcium Oxide Treatment
A lab scale transesterification process was conducted using 50 g of used biogenic
oils. From the HPLC results, it was understood that nearly 3.75 g of the oil had FFAs.
For a FFA molecular weight of 270g the 3.75 g was equivalent to 0.0139 moles.
mole ratio was maintained between the CaO and FFA.
of methanol and was stirred continuously for an hour.

5:1

CaO was suspended in 100 ml
The preheated used oil was

transferred into the CaO-Methanol suspension and was continuously heated and stirred
for an hour.

The temperature of the reaction was maintained at 65°C.

mixtures were centrifuged.

The reaction

The centrifuged mixture had the bottom solid layer of

calcium soaps, the middle layer that had a complex mixture of mono, di and triglycerides,
FFA and some soaps. The top layer had excess methanol.
Calcium Hydroxide Treatment
The quantity of methanol and used oils mentioned in Calcium Oxide treatment
were maintained for this treatment. The mole ratio of Ca(OH)2 :FFA was maintained as
5:1. The experimental procedure mentioned for the CaO treatment was applicable for
this treatment also. The reaction was conducted at a temperature of 70°C for an hour.
The products were centrifuged and the top layer that had tri/mono/di glycerides, glycerol,
FFA and esters were analyzed using TLC and HPLC.
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3.4.2. Separation of Glycerol. The glycerol present in the treated used oils has to
be separated from the soap-stocks. The most common method of separation of glycerol
from the soap-stocks is vacuum distillation.

The removal of glycerol can be done on a

commercial basis using a continuous vacuum distillation setup.

The US patents

[2,283,776 and 2,242,187] indicate the separation of glycerol from the soap-stocks by
vacuum distillation at a vacuum of 27 to 29 inches of mercury. The fluid mixture was
discharged to a vapor-separating chamber, the reactant mixtures were heated to a
temperature of 450°F to 620°F.

The liquid volatiles in the soaps vaporized.

The

vaporized material was withdrawn from the vapor separating chamber and were delivered
to a condenser the condensed material were collected periodically.

A similar process

can be used in this work to separate the FFAs, glycerols and esters from the soaps.
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4. RESULTS, CONCLUSION AND RECOMMENDED ACTIONS

4.1. RESULTS
4.1.1 Bench-Scale Transesterification. The approximate time taken for
producing the first sample of methyl ester from chicken fats was 26 hrs. The majority of
the process time was due to the separation of the products of the transesterification, the
separation time can be reduced by a centrifugal separator system.

The

transesterification time can be reduced by higher mixing speeds, higher reaction
temperature and higher catalyst concentration.
Methyl esters sample produced were subjected to Gas Chromatography Mass
spectroscopy (GCMS) test to ascertain the presence of esters and to estimate the
percentage compositions of each ester.

GCMS showed the C l6:0 ester with a

concentration of 29.5% and the C18:l ester with a concentration of 43.7% are the two
predominant esters as shown in Table 4.1. Details of the process designed based on the
bench-scale transesterification is listed in table 4.2.
Table 4.1. GCMS plot results
Retention

Methyl ester

Area in GCMS

time, min

% composition

% composition

in GCMS

in literature

12.857

C 16:0

114050000

29.5

2 8 -3 0

13.446

C 16:1

30067264

7.7

2 -5

14.611

C 18:0

19962546

5.1

12-16

15.113

C 18:1

169174216

43.7

4 0 -5 0

15.855

C 18:2

53949248

13.9

7 -1 3
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Table 4.2. Process parameters for the pilot plant system
Process parameters

Parameter values

Volume of triglycerides, ml

15,916

Expected ester conversion, %

95

Volume of methanol, ml

3960

Methanol: triglycerides mole ratio

6:1

Catalyst concentration, g

16

Reaction temperature, °C

60

Catalyst-alcohol mixing time, hr

1

Transesterification reaction time, hr

2

4.1.2. Pilot Scale Transesterification. The products of the transesterification
were separated and the methanol was recovered from both methyl esters and glycerol.
The transesterification yields and the methanol utilization for the first run is described
below.
Transesterification yield
Transesterification yield =

Volume of Methyl ester produced (liters)

[4.1]

Volume of triglyceride material used (liters)
Volume of soybean oil used for the reaction = 1 gallon * 3.78 liters

[4.2]

Weight of methyl ester produced

= 3.0 kg or 3000 g

[4.3]

The density of methyl ester

= 0.880 kg/liter

[4.4]

Hence the volume of methyl ester produced = 3.409 liters

[4.5]

(Considering the loss of methyl esters due to sample preparation =75 ml approx.)
The total volume of methyl ester produced = 3.484 liters.

Transesterification yield

92.16%

[4.6]
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Methanol Utilization
The volume of methanol supplied

= 2825 ml

[4.7]

Volume of glycerol produced

= 300 ml

[4.8]

Volume of methanol recovered

= 700 ml

[4.9]

Volume of methanol unrecovered from glycerol

= 200 ml

[4.10]

(Considering methanol loss due to sample preparation = 25 ml approx.)

[4.11]

[4.8]+ [4.9]+ [4.10]

Methanol utilization =

[4.7]
=

0.4336 = 43.36%

Similar volumetric yield calculations were done for the other two pilot runs.

The

transesterification yields and the methanol utilization for all the three runs are listed in
Table 4.3.
Table 4.3. Pilot-scale transesterification yields
Parameters

First run

Second run

Third run

Triglyceride

Soybean oil

Soybean Oil

Chicken fats

60

70

60

3484

3529

3780

300

300

2300

735

material
Reaction
temperature, °C
Vol.

of

methyl

esters, ml
Vol. of glycerol 300
produced, ml
Vol. Of methanol
lost, ml

1600
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Parameters

First run

Second run

Third run

Transesterification

92.1

93.3

100

43.4

18.6

73.1

yield, %
Methanol
utilization, %

TLC Testing
The TLC testing was done to monitor the progress of transesterification reaction.
The TLC plates of the first pilot run are shown in Figure 4.1.

(g) 4 hr sample
Figure 4.1. TLC plates for the first pilot scale transesterification product
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In Figure 4.1, the first column (from the left) is for the triglyceride material. The
second and the fourth columns are for the product ester.

The third column is for the

standard ester. The TLC test results for the first three pilot runs are listed in Table 4.4.

Table 4.4. Comparison of TLC results for the runs
Reaction

First run

Second run

Third run

Esters were observed.

Esters were observed.

Esters were observed.

TGs were present.

TGs were present.

TGs were present.

Hours
1

1.5

2

Esters were observed. Esters were observed.

Esters were observed.

TGs were present.

TGs were present.

TGs were present.

Esters were observed. TG leftover in traces

Esters were observed.

TGs were present.

TGs were present.

2.5

TGs leftover in traces

TG leftover in traces

TGs leftover in traces

3

TGs leftover in traces

Negligible TG left

TGs leftover in traces

3.5

TGs leftover in traces

Almost

complete TG leftover in traces

conversion achieved
4

No

triglycerides Complete

observed.

transesterification

Almost

complete

conversion achieved

Where TG - Triglycerides
4.1.3 Optimization of Process Parameters
(A) Transesterification of Soybean Oil and Chicken Fats
The optimization of the process parameters was done individually for the chicken
fats and soybean oil.

The HPLC testing was done on samples obtained from the
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experiments listed in Table 3.3.

The concentrations of the esters and the FFAs for the

experimental samples are listed in Table 4.5.
Table 4.5. Optimization experiment results
Exp.

Temperature,

#

°C

1

65

4

Triglycerides.

Catalyst

cone,

% concentration

%

FFA

Esters

Soybean oil

0.3

0.0

100

70

Soybean oil

0.5

0.2

98.58

7

75

Soybean oil

1

0.0

89.39

2

65

Chicken fats

0.5

8.0

85.2

5

70

Chicken fats

1

0.0

89

8

75

Chicken fats

0.3

0.0

73.20

(B) Transesterification of Used Biogenic Oil
The TLC test conducted on the CaO treated used frying oils indicated the
presence of FFA, triglycerides and esters. The HPLC test conducted on this product
showed the reduction of triglyceride concentration when compared with the un-treated
oil, but the FFA content dropped to nearly 5.0% from the initial 7.5%.

No ester peaks

were observed in this product. The reduction of FFA content was observed but reaction
was observed to proceed very slowly. Hence, the used frying oils was treated with the
Ca(OH)2.
The TLC test conducted on the Ca(OH)2 treated used biogenic oils indicated the
presence of FFAs and esters. The HPLC test was conducted, the test results indicated the
presence of predominant esters, very least amount of FFAs and no triglycerides. The
experimental results also showed the predominant presence of C l8:1 trans FAME. The
presence of C l8:1 trans FAME was confirmed using Liquid Chromatography Mass

38

Spectroscopy (LCMS) technique and also by conducting the LCMS test run using a
standard trans C l8:1 FAME.

The concentrations of esters and FFAs of the CaO and

Ca(OH)2 treated used biogenic oils are listed in Table 4.6.
Table 4.6. Treated used biogenic oils
Catalyst weight, g.

% FFA

Reaction

Triglyceride

Temperature0 C

source

1

65

Used frying oils

3.9 (CaO)

4.5

0

2

70

Used frying oils

5.1 (Ca(OH) 2)

0.2

96

Exp

%
Esters

4.2. CONCLUSION
From Table 4.3, it is evident that the volumetric yields of the transesterification
reaction ranges between 92 - 100%. The results of the three pilot scale transesterification
confirm the faster transesterification process at higher reaction temperature.

Pilot scale

FAME produced from the soybean oil and chicken fats are comparable with the
commercial biodiesel (B100) in terms of the fatty acid ester profiles.

The NaOH

catalyzed transesterification yielded satisfactory results for the chicken fats and soybean
oil, but not for the used frying oils.
The experimental results listed in the Table 4.5 indicates 100% esterification at a
reaction temperature of 65 °C and the reaction time of two hours for soybean oil material
with 0.3% by weight of NaOH catalyst. This set of process parameters can be finalized
as the best combination to transesterify soybean oil.

The reaction temperature of 70°C

and catalyst concentration of 1% can be finalized as the best set of process parameters to
transesterify the chicken fats. In experiments 2, 4, 5, 7 and 8, the concentration of FFA
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and esters didn’t add up to 100%, this suggests the rest are in the form of un-reacted
mono/di glycerides.
Bench-scale transesterification of used biogenic oils using Ca(OH) 2 catalyst at a
reaction temperature of 70°C for one hour, with a mole ratio of FFA to Ca(OH) 2 being
1:5 has been considered as the optimum parameter set. The esters in the Ca(OH) 2 treated
used cooking oils account for 96%, the FFAs account to 0.2% and in the remaining 3.8%
mono/di or un-reacted triglycerides might be present. The concluded optimized process
based on the ester yield is listed in table 4.7.*
Table 4.7. Optimized process parameters
Triglyceride Optimized reaction
Source

Scale size

Catalyst

Optimized
Catalyst cone,

Temperature, °C

%
Soybean oil

65

Pilot

NaOH/KOH 0.3

Chicken fats

70

Pilot

NaOH/KOH

1

Used

70

Bench

Ca(OH)2

*

biogenic oils

* - Mole ratio of FFA to Ca(OH)2 catalyst to be 1:5
This method of treating the used biogenic oils with Ca(OH)2 is a viable alternative
for acid catalyzed transesterification.

Trans fatty acid of C l8:1 present in the used

cooking oils on transesterification produces trans C l8:1 ester, which is the predominant
ester in the product. The verification of the trans fatty acid ester was done by Liquid
Chromatography Mass Spectroscopy (LCMS) technique.

The details regarding the

LCMS run on the standard C l8:1 trans fatty acid methyl ester is shown in Appendix III.
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The trans fatty acids are carcinogenic this prevents the product from reuse for human
consumption.

Hence, the product can be used either as a fuel to the trucking industries,

treating wood etc.

4.3. COST ESTIMATION
One gallon of biodiesel can be produced from 7.5 lbs. of soybean oil.

The

approximate cost of one pound of soybean oil is 20 cents. Hence, to produce one gallon
of biodiesel, the cost of the raw material is $1.50. The cost of catalyst and methanol to
produce one gallon of biodiesel is 20 cents and 50 cents respectively [32]. Hence, the
total raw material cost to produce one gallon of biodiesel is $2.20.
Glycerol is produced as a by-product in the transesterification reaction. The high
quality glycerol costs around $10 per gallon. But, the cost of glycerol produced from
transesterification is around $3 [33].

To produce one gallon of glycerol nearly, 48

gallons of biodiesel has to be produced.
gallons of biodiesel is $105.6.

The total raw material cost to produce 48

Using this condition, the minimum cost of the biodiesel

can be calculated as mentioned in the equation below:
48*(1.5+0.5+0.2) $ = 48*(Cost of biodiesel) + $3.

[4.12]

The cost of the biodiesel calculated using the equation [6.12] is $2.14, which doesn’t
include the labor cost and operation cost.
On the other hand, if the biodiesel is produced from used frying oils and animals
fats, even if the triglycerides are obtained at a cost of $1, the minimum cost of the
biodiesel reduces to $1.54, this cost is comparable with the cost of diesel fuel.
the cheaper raw materials have potential impact on the cost of the biodiesel.

Hence,
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4.4. RECOMMENDED ACTIONS
•

Using bench-scale data on used frying oil treatment, a pilot scale process can be
synthesized.

•

Vacuum distillation can be done to separate the glycerol, un-reacted triglycerides,
and the soapstocks from the methyl esters.

•

Pilot plant designed and installed can also been useful for transesterification
process using allyl alcohol and ethyl alcohol

•

A continuous transesterification pilot plant can be designed and installed.

APPENDIX A.
GCMS TEST SAMPLE PREPARATION
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Sample Preparation for GCMS
•

1 mg of sample was weighed and 1 ml of Hexane was added to the sample. Now
the solution is with a concentration of lmg/ml.

•

0.1ml of 1 mg/ml solution was added with 0.9 ml of hexane to make the
concentration of the final sample as 100 ng/pl.

APPENDIX B.
PILOT PLANT DESIGN DATA AND PART DETAILS

Density of Triglycerides
Table A.l. Density of various triglyceride sources
SI. No.

Triglyceride source

Density (g/cm3), ASTMD-1298

1

Beef Tallow

0.8815

2

Soybean oil

0.8905

3

Frying oils

0.8830
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ASME Boiler and pressure vessel code, Section 8, Division 1
Exclusions for reference [28]
Topic: Design

UG-16 General

(b) Minimum thickness of shells and heads: Except for the special provisions listed
below, the minimum thickness permitted for shells and heads, after forming and
regardless of product form and material, shall be 1/16 in. (Exclusive of any corrosion
allowance). Exceptions are:
(i)

The minimum thickness doesn’t apply to heat transfer plates type heat
exchangers

(ii)

The minimum thickness doesn’t apply to inner pipe of double pipe heat
exchangers nor to tubes in shell and tube heat exchangers. Where such pipes
and tubes are NPS6 and less. This exemption applies whether or not the outer
pipe or shell is constructed to code rules. All other pressure parts of these heat
exchangers which are constructed to code rules must be the 1/16 in minimum
thickness regulation.

(iii)

The minimum thickness of shells and head of unfired steam boilers shall be %
in. (Exclusive of any corrosion allowance)

(iv)

The minimum thickness of shells and heads used in compressed air service,
steam service and water source, made from UCS-23 shall be 3/32 in.
(Exclusive of any corrosion allowance).
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Pro/Engineer results for Physical and Dimensional parameters for
Transesterification Reactor (TR)
DENSITY = 2.8180000e-01 POUND / INCHA3

[User Input]

VOLUME = 6.4408509e+01 INCHA3
SURFACE AREA= 1.6796913e+03 INCHA2
MASS = 1.8150318e+01 POUND

CENTER OF GRAVITY with respect to REACTOR coordinate frame:
X Y Z

0.0000000e+00 6.0669346e+00 0.0000000e+00 INCH

INERTIA with respect to _REACTOR coordinate frame: (POUND * INCHA2)

INERTIA TENSOR:
Ixxlxylxz 2.0433712e+03 0.0000000e+00 0.0000000e+00
Iyxlyylyz 0.0000000e+00 4.8736199e+02 0.0000000e+00
Izx Izy Izz 0.0000000e+00 0.0000000e+00 2.0433707e+03
INERTIA at CENTER OF GRAVITY with respect to REACTOR coordinate frame:
(POUND * INCHA2)
INERTIA TENSOR:
Ixxlxylxz 1.3752998e+03 0.0000000e+00 0.0000000e+00
Iyxlyylyz 0.0000000e+00 4.8736199e+02 0.0000000e+00
Izx Izy Izz 0.0000000e+00 0.0000000e+00 1.3752993e+03
PRINCIPAL MOMENTS OF INERTIA: (POUND * INCHA2)
II 12 13 4.8736199e+02 1.3752987e+03 1.3753004e+03
ROTATION MATRIX from REACTOR orientation to PRINCIPAL AXES:
0.00000

0.00000

1.00000

1.00000

0.00000

0.00000

0.00000

1.00000

0.00000

ROTATION ANGLES from REACTOR orientation to PRINCIPAL AXES (degrees):
angles about x y z 0.000

90.000

90.000
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RADII OF GYRATION with respect to PRINCIPAL AXES:
R1 R2 R3 5.1818366e+00 8.7047519e+00 8.7047574e+00 INCH
-----------------End of results-------------

Pro/Engineer results for Physical and Dimensional parameters for Methanol
Reactor (MR)

DENSITY = 2.8180000e-01 POUND / INCHA3

[User Input]

VOLUME = 1.6072954e+01 INCHA3
SURFACE AREA = 4.2789040e+02 INCHA2
MASS = 4.5293584e+00 POUND

CENTER OF GRAVITY with respect to _METHYLREACT coordinate frame:
X Y Z

0.0000000e+00 3.1693346e+00 0.0000000e+00 INCH

INERTIA with respect to _METHYLREACT coordinate frame: (POUND * INCHA2)

INERTIA TENSOR:
Ixxlxylxz 1.3305630e+02 0.0000000e+00 0.0000000e+00
Iyx Iyy Iyz 0.0000000e+00 3.0730440e+01 0.0000000e+00
Izx Izy Izz 0.0000000e+00 0.0000000e+00 1.3305630e+02

INERTIA at CENTER OF GRAVITY with respect to METHYLREACT coordinate
frame: (POUND * INCHA2)

INERTIA TENSOR:
Ixxlxylxz 8.7560333e+01 0.0000000e+00 0.0000000e+00
Iyxlyylyz 0.0000000e+00 3.0730440e+01 0.0000000e+00
Izx Izy Izz 0.0000000e+00 0.0000000e+00 8.7560334e+01
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PRINCIPAL MOMENTS OF INERTIA: (POUND * INCHA2)
II 12 13 3.0730440e+01 8.7560327e+01 8.7560340e+01

ROTATION MATRIX from _METHYLREACT orientation to PRINCIPAL AXES:

0.00000

0.00000

1.00000

1.00000

0.00000

0.00000

0.00000

1.00000

0.00000

ROTATION ANGLES from _METHYLREACT orientation to PRINCIPAL AXES
(degrees):
angles about x y z 0.000

90.000

90.000

RADII OF GYRATION with respect to PRINCIPAL AXES:
R1 R2 R3 2.6047500e+00 4.3967862e+00 4.3967865e+00 INCH
-----------------End of results-------------
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Configuration of TR and MR
Table A.2. Configuration of the TR and the MR
Configuration

Transesterification

Methanol Reactor (MR)

Reactor (TR)
Reactor material

Stainless steel, Grade 304

Stainless steel, Grade 304

Material thickness, inches

1/16“

1/16“

Volume housed in the

20,000

2600

3500

400

Inner diameter, inches

10

5

Top and bottom flange

1/8

1/8

Top lid diameter, inches

16

8

Bottom lid diameter,

10

5.5

14

6.5

8

2.75

cylindrical portion, ml
Volume housed in the
conical portion, ml

thickness, inches

inches
Top flange mounting hole
PCD, inches
Bottom flange mounting
hole PCD, inches
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The reactor lids were bolted to the reactor flanges. The exploded view of the top lid,
reactor and the bottom lid is shown in Figure A.l.
Top lid

Reactor Flanges

Bottom lid

Figure A. 1. Exploded view of reactor, bottom and top lid of reactor
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Stirring System Details
(A) Motor Stirrer of the TR system
0.5 hp, Power supply 115/230 VAC, 60 Hz, 1 phase, 1750 rpm
Stirrer Shaft diameter - 5/8inch, length - 32 inch, Propeller diameter - 4inch
Part#: 3473K15,
Price: $422.74 (Supplier: www.mcmastercarr.com)
(B) Motor Stirrer of the MR system
1/20 hp, Power supply 115 VAC, 60 hz, 1 phase, 1550 rpm
Stirrer Shaft diameter - 5/16inch, length -18 inch, Propeller diameter - 2inch
Part#: 3497kl4.
Price: $220 (Supplier: www.mcmastercarr.com)
( C) Sealed bearings for TR system
Sealed bearing I.D. - 5/8 inches
P art# : SR10-2RS (66)
Stainless steel material with Rubber Sealing at both the faces
The price of the bearing - $26.95 (Supplier: www.bocabearings.com)
(D) Sealed bearings for MR system
Sealed bearing I.D. - 5/16 inches
P art# : SR 1810-UU
Stainless steel material with Rubber Sealing at both the faces
The price of the bearing - $9.95 (Supplier: www.bocabearings.com)
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Reactor Dimension Calculations
(I) Vertical Dimensions of Pilot Plant
TR Dimensions
Dimension in inches Tolerance, in inches
20.75

0.1

Mtng Flange thickness - top

0.3125

0.0005

Mtng Flange thickness -bottom

0.3125

0.001

21.375

0.1015

Height of Main Reactor

Total Height of Reactor

Tolerance, inch

MR sub-system and pipelines Dimension, inch
Height of threaded port
Effective height of 1.5in nipple
Height of 45 deg. Elbow

1.375
1

0.125

0.88

height of 45 deg. Pipeline &
Ballvalve
Effective height from the Ball
Valve
Height from 1.5in nipple
Height of 45 deg. Elbow
Effective height of 1.5in nipple
Height of threaded port

2.47
1.7
0.7
0.88
1

0.1875

Height of methanol reactor

10.725

Thickness of the top flange

0.1875

Total

0.125

1.375

Thickness of the bottom flange

Total height of shaft and stirrer

0.1

0.1

11
33.48

0.45
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The reactor stand contributes 36 inches for the total assembled height of the pilot plant.
Hence, on adding the stand height, MR sub-system height and the TR height the total
vertical dimension o f the pilot plant is 89.85 ± 0.55 inches.
(II) Horizontal Dimensions of Pilot Plant
Tolerance, inches
Position of separation tanks

Dimensions, inches

3 position ball valve position
wrt center axis

1.125

Effective length o f the 1/2 inch
pipe

5.5

0.125

Effective length of the 1/2 inch
pipe Tee joint

1.5

Effective length of the 1/2 inch
pipe

3.5

Effective length of T joint

2.5

0.125

Effective length of the 1/2 inch
pipe

2 position ball valve length

5.5

0.125

2.375

Effective length of the 1/2 inch
pipe

5.5

0.125

0.5

0.005

28

0.505

Horizontal offset by elbow

Total dimensions
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Drain line dimensions
Dimensions, inches Tolerance, inches
3 position ball valve position
wrt center axis

1.125

Effective length of the 1/2 inch
pipe

5.5

0.125

Effective length of the 1/2 inch
pipe Tee joint

1.5

Effective length of the 1/2 inch
pipe

3.5

0.125

0.5

0.005

12.125

0.255

Horizontal offset by elbow

Position of II separation wrt
central axis

Total horizontal dimension is the sum of the dimesions from the above table is 40.125 ±
0.77 inches

APPENDIX C.
HPLC CALIBRATION CURVES AND CHROMATOGRAMS
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Mathematical Yield calculations for II run of transesterification
Transesterification Yield
Volume of soybean oil used for the reaction = 1 gallon « 3.78 liters

[III. 1]

Weight of methyl ester produced

= 3.0 kg or 3000 g

[III.2]

The density of methyl ester

= 7.35 lb/gallon or 880.72 g/liter

[III.3]

Hence the volume of methyl ester produced = 3.406 liters or 3406 ml

[III.4]

(Considering loss of methyl esters due to sample preparation - 120 ml approx)
The total volume of methyl ester produced = 3.526 liters.
Transesterification yield

=

[III.5]

3.526 = 0.9328«93.3%
3.78

Methanol Utilization
The volume of methanol supplied

= 2825 ml

[III.6]

Volume of glycerol produced

= 300 ml

[HI. 7}

Volume of methanol recovered

= 200 ml

[III. 8]

(Considering methanol loss due to sample preparation = 25 ml approx.)
Methanol utilization = 525/2825 = 0.1858 « 18.6%

Mathematical yield calculations for III run of Transeterification

As mentioned for the II run, the transesterification yield and the methanol utilization for
the III run were estimated to be 100% and 73.1% respectively.
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High Performance Liquid Chromatography (HPLC)
Development of Calibration Curves
The percentage composition of various esters, FFAs and triglycerides can be
determined if a calibration curves were obtained. The calibration curves were developed
by obtaining the retention times and areas of standard esters and standard FFAs at
different concentrations.

The standard esters and acids used for this work have been

summarized in the Table A.4.
The standard esters and acids were run in the HPLC setup with concentrations at
lpg/pl, 0.5pg/pl, 0.25pg/pl and O.lpg/pl and the concentration of the internal standard
remained the same for all the standard runs. The standard esters and acids were run
individually to obtain the retention time.
Table A.3. Standard FFAs and esters used for HPLC
Sl.No.

Standard FFAs

Standard Esters

Remarks

1

Palmitic Acid

Methyl Palmitate

C16:0

2

Stearic acid

Methyl stearate

C18:0

3

Oleic acid

Methyl oleate

0 8 :1

4

Linoleic acid

Methyl linoleate

C 18:2

5

Linolenic acid

Methyl linolenate

0 8 :3
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Standard Preparation
The five standard esters and the acids including the internal standards were all
prepared at a concentration of lOpg/pl The five standard esters mixture was prepared at
a concentration of 2pg/pl each by adding 200 \x\ of each standard ester.

This five

standard ester mix was labeled as (A) and the acid mix was labeled (C).
The internal standard ester and acid were prepared at a concentration of 5 pg/pl.
This internal standard ester was named (B) and that o f the acid was named (D).

The

tables A.5 below indicates the volume of the solution to be added to dilute the
concentrations to 1, 0.5, 0.25, 0.1 and 0.05 pg/pl.

The chromatogram for the standard

esters at a concentration of 1 jag/pl is shown in figure A.2. The calibration curves shown
in Figure A.3. are obtained using the chromatograms at different concentrations. From
the calibration curve equations, the unknown concentration of the samples can be
estimated. Similar set of standard runs and calibration curves were developed for the
FFAs.
Table A.4. Standard ester concentrations for calibration curves
Volume

of Volume

of Volume

of Total

Ester mix IS cone

(A), ml

(B), ml

MeOH, ml

Volume, ml

Cone pg/pl

1

0.2

0.8

2

1

0.5

0.5

0.2

1.3

2

0.5

0.5

0.25

0.2

1.55

2

0.25

0.5

0.1

0.2

1.7

2

0.1

0.5

0.05

0.2

1.75

2

0.05

0.5
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Table A.5. Standard runs area and retention times for esters
Fatty Acid Methyl Esters
RT (mins)

Cone (ug/ul)

26.5

20.1

15.8

12.7

19.5

18:00

18:01

18:02

18:03

16:00

Stearate

Oleate

Linoleate

Linolenate

Palmitic

1

104,260

1,210,020

114,580

0.5

45,630

621,740

68,360

0.25

36,500

289,160

2,263,670

3,952,200

0.1

887,160

1,719,920

0.05

437,720

808,160

Figure A.2. Chromatogram of standard FAME run

41,880
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Calibration of FAME with RPLC-UV2ionm
♦ Stearate
■ Oleate

5.E+06
Area = 15,526,738[Linolenate] + 89,861

A Linoleate

R2 = 0.9981

4.E+06

X Linolenate
Area = 9,140,592[Lirtoleate] - 22,562

X Palmitic

R2 = 1

c 3.E+06
3

O

O

<8 2.E+06

y - 1,220,491 [Oleate] - 4,980
R2 = 0.999

<

Area =

1.E+06 -

9 4 ,1 9 1 [Stearate] + 7,185
r 2 _ 0 957

Area = 96,291 [Palmitate] + 18,770
R2 = 0.9988

# ---------------------------------- ,

O.E+OO
0.5

1.5

1
Cone, ug/ul (iOul Injection)

Figure A.3. Calibration curve for standard FAMES

Table A.6. HPLC estimation for exp. 4 transesterification
Fatty Acid Methyl Esters
RT (mins)

26.5

20.1

15.8

12.7

19.5

18:00

18:01

18:02

18:03

16:00

Oleate

Linoleate

Sample (ug/ul) Stearate

Linolenate Palmitic

10

2,959,050

13,242,220

8,170,020

1.5

427,540

5,536,360

1,738,980

0.5

201,500

2,463,580

697,780

146,520

Cone (ug/ul)
1.33

10
1.5

0.11

0.35
0.27

0.5

Percentage
23.60

54.39

7.33

13.26

98.58
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Table A. 7 GCMS results of optimization experiment on soybean oil and chicken
Exp.

0 6 :0

0 8 :0

0 8 :1

0 8 :2

0 8 :3

#

%
concentration

1

11.8

4.32

23.84

51.95

6.46

98.37

4

11.35

4.51

23.69

52.27

6.56

98.38

7

11.75

4.57

24.13

51.625

6.27

98.345

2

23.55

5.24

42.95

17.6

0.69

90.04

5

25.34

5.22

40.97

18.55

—

90.08

8

27.67

6.65

38.88

17.05

0.795

91.045

Table A.7 lists the peak area for various esters. The concentration o f individual
esters are also listed for Optimization Exp #4 that uses soybean oil, 0.5% catalyst by
weight of triglycerides and the reaction temperature of 70°C.

GCMS testwas also

conducted on the pilot-scale transesterification products for confirmation with the HPLC.
Table A.8 lists the concentration of various esters. The results obtained for Exp. 4 from
HPLC are comparable with that of the GCMS.
Used Cooking Oils
The unknown peak with an approximate retention time 20 minutes was subjected
to LCMS test, the mass spectra showed the molecular weight of the unknown peak
matched with the Cl 8:1 cis ester. The retention time of standard trans C l 8:1 FAME and
the mass spectra matched with that o f the unknown peak of the Ca(OH)2 treated used
cooking oil. Hence, the unknown peak was verified as trans C l8:1 ester. The Ion
chromatograms of the Ca(OH)2 treated used cooking oil and the standard trans C l8:1
esters are shown in Figure A.4. and Figure A.5. respectively.
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Intensity(x!0**6)

July2002 LC-UV-APCI-M S FAME - 0037 Vial 77 Inj 1 10ug/ul III Treated Hardees Oil in C a(O H )2 +ve APC - Standard M S TIC 86.95_1100.00 - (

Figure A.4. Ion chromatogram of Ca(OH)2 treated used cooking oils
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July2002 LC-UV-APCI-MS FAME - 0037 Vial 76 Inj 1 2ug/ul Std Trans 18:1 -OMe +ve APCI - Standard MS TIC 86.95_1100.00 - 08/01/02 1
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Figure A.5. Ion chromatogram of standard trans C 18:1 ester
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